A heterogeneous population of inhibitory neurons controls the flow of information through a neural circuit [1] [2] [3] . Inhibitory synapses that form on pyramidal neuron dendrites modulate the summation of excitatory synaptic potentials [4] [5] [6] and prevent the generation of dendritic calcium spikes 7, 8 . Precisely timed somatic inhibition limits both the number of action potentials and the time window during which firing can occur 8, 9 . The activity-dependent transcription factor NPAS4 regulates inhibitory synapse number and function in cell culture 10 , but how this transcription factor affects the inhibitory inputs that form on distinct domains of a neuron in vivo was unclear.
, but how this transcription factor affects the inhibitory inputs that form on distinct domains of a neuron in vivo was unclear.
Here we show that in the mouse hippocampus behaviourally driven expression of NPAS4 coordinates the redistribution of inhibitory synapses made onto a CA1 pyramidal neuron, simultaneously increasing inhibitory synapse number on the cell body while decreasing the number of inhibitory synapses on the apical dendrites. This rearrangement of inhibition is mediated in part by the NPAS4 target gene brain derived neurotrophic factor (Bdnf), which specifically regulates somatic, and not dendritic, inhibition. These findings indicate that sensory stimuli, by inducing NPAS4 and its target genes, differentially control spatial features of neuronal inhibition in a way that restricts the output of the neuron while creating a dendritic environment that is permissive for plasticity.
We assessed NPAS4 expression in the hippocampus by immunofluorescence microscopy. We found that in hippocampi from mice maintained in standard housing, NPAS4 protein is undetectable by immunostaining (Fig. 1a) . By contrast, exposure of mice to an enriched environment induces NPAS4 protein expression in neurons in the pyramidal layer, whereas no NPAS4-positive nuclei are observed in the neuropil (Fig. 1b) . To obtain more widespread induction of NPAS4, mice were injected intraperitoneally with kainic acid to trigger seizure activity. This treatment led to NPAS4 expression in nearly all excitatory neurons in the pyramidal layer and a minority of inhibitory neurons in the neuropil (Fig. 1c) .
We next asked whether the loss of NPAS4 affects inhibitory synapse function in vivo. Adeno-associated virus encoding a Cre-GFP fusion protein (AAV-Cre-GFP) 11 was injected into the CA1 region of the hippocampus in Npas4 conditional mice (Npas4 f/f ) ( Fig. 1d , Extended Data Fig. 1 ). Post-operative animals were transferred to an enriched environment or maintained in standard housing for 7 to 12 days. Subsequently acute hippocampal slices were prepared, whole-cell voltage clamp recordings were made from neighbouring NPAS4 knockout and wild-type neurons (referred to as NPAS4-KO and NPAS4-WT, respectively) and pharmacologically isolated miniature inhibitory postsynaptic currents (mIPSCs) were recorded (Fig. 1e) .
We found that when mice were exposed to an enriched environment significantly less frequent and slightly smaller amplitude mIPSCs were recorded from NPAS4-KO neurons compared to the neighbouring NPAS4-WT neurons (Fig. 1g, Supplementary Table 1 ). Similar results were obtained from mice injected with kainic acid to induce NPAS4 (Fig. 1h) . By contrast, no significant difference in mIPSC frequency or amplitude was observed between neighbouring NPAS4-WT and NPAS4-KO neurons in slices acquired from mice maintained in standard housing (Fig. 1f) . Next we measured mIPSCs in wild-type mice and detected no differences between AAV-Cre-GFP infected and uninfected neurons (Extended Data Fig. 2a, b) indicating that the observed changes in mIPSCs in Npas4 f/f neurons are due to Npas4 excision. Finally, we crossed EMX-Cre and Npas4 f/f mice to generate animals that lack NPAS4 postnatally and specifically in excitatory neurons (Extended Data Fig. 2c, d ). Both mIPSC frequency and amplitude were significantly reduced in NPAS4-KO neurons from animals injected with kainic acid compared to mice maintained in standard housing (Extended Data Fig. 2e ). From these analyses we conclude that disruption of behaviourally induced NPAS4 expression leads to a decrease in mIPSC frequency recorded from CA1 pyramidal neurons.
This decrease in mIPSC frequency could be a consequence of homeostatic regulation of all inhibitory synapses or the modification of inhibitory synapses that form on discrete regions of the pyramidal neuron. Local inhibitory neuron subtypes have axons that elaborate preferentially in one or more layers of the hippocampus 2, 3 . Thus, stimulation of axons in the different laminar domains of the hippocampus and analysis of the resulting inhibitory currents has the potential to reveal whether the NPAS4-dependent effects on inhibition are due to cellwide or domain-specific regulation of inhibitory synapses.
We sparsely excised Npas4 and made direct comparisons of layerspecific, pharmacologically isolated, monosynaptic evoked inhibitory postsynaptic currents (eIPSCs) recorded simultaneously from neighbouring NPAS4-KO and NPAS4-WT CA1 neurons (Fig. 2a) . As predicted by cable properties, eIPSC rise times correlated with distance of the stimulating electrode from the recording electrode (Extended Data Fig. 3 , Supplementary Table 2) indicating that stimulation of axons within a given layer is predominately activating synapses within that layer.
We found that in slices obtained from mice housed in a standard environment, equivalent eIPSCs were recorded from NPAS4-WT and NPAS4-KO neurons in response to stimulation of axons in any of the hippocampal layers (Fig. 2b-e, Supplementary Table 2 ). However, in slices obtained from mice exposed to an enriched environment, stimulation of axons in the pyramidal layer generated smaller eIPSCs in NPAS4-KO neurons than in the neighbouring NPAS4-WT neurons (Fig. 2h) . By contrast, stimulation of axons in stratum radiatum generated significantly larger eIPSCs in NPAS4-KO neurons than in neighbouring NPAS4-WT neurons (Fig. 2g ), whereas no difference was detected between NPAS4-WT and NPAS4-KO neurons upon stimulation of axons in oriens or lacunosum (Fig. 2f, i) . Similar results were obtained from mice injected with kainic acid to induce NPAS4 (Extended Data  Fig. 4 ). These findings indicate that NPAS4 expression does not result in uniform, homeostatic regulation of inhibitory synapses. Rather, NPAS4 functions in an unprecedented manner, simultaneously decreasing inhibition within the proximal apical dendrites while increasing inhibition at the soma.
Extracellular stimulation of axons could result in the depolarization of axons of passage that preferentially form synapses on NPAS4-WT or NPAS4-KO neurons and in regions other than the intended layer. To address this possibility we compared the rise times of the eIPSCs recorded from NPAS4-WT and NPAS4-KO neurons and found them to be indistinguishable (Extended Data Fig. 3 ). This indicates that the redistribution of inhibition observed is not due to a bias in synaptic transmission associated with axons of passage onto NPAS4-WT or NPAS4-KO neurons. Additionally, the hippocampus contains several interneuron subtypes that form synapses within multiple layers (that is, bistratified and trilaminar cells). If NPAS4 regulates synapses made by these cell types, it is probable that only boutons that synapse on the apical, and not basal, dendrites are affected by loss of NPAS4.
We next investigated the cellular mechanisms by which NPAS4 differentially regulates inhibition, including possible effects on dendritic growth, changes in the probability of inhibitory synaptic vesicle release or changes in inhibitory synapse number. We first asked whether loss of NPAS4 results in altered dendritic complexity which could indirectly lead to larger eIPSCs in response to stimulation of axons in radiatum. However, this seems unlikely because Sholl analysis revealed that the disruption of NPAS4 function has no effect on dendrite number or length (Fig. 3a, b, Extended Data Fig. 5a, b) . In addition, the capacitance of neurons from mice housed under standard conditions, in an enriched environment or exposed to kainic acid are equivalent (Supplementary Table 3 ).
We next asked whether disruption of Npas4 leads to changes in the presynaptic release of neurotransmitter at axons that synapse onto different regions of the pyramidal neuron. We measured the paired pulse ratios (PPRs) upon stimulation of axons in each layer, and compared NPAS4-WT and NPAS4-KO neurons in slices obtained from mice housed under standard conditions, in an enriched environment, or injected with kainic acid. We found no difference between the PPRs of NPAS4-WT and NPAS4-KO neurons under any of these conditions ( Fig. 3c -e, Extended Data Fig. 5c -e, Supplementary Table 2) indicating that the NPAS4-dependent changes in eIPSCs are not likely due to changes in the probability of presynaptic vesicle release.
Finally we asked whether NPAS4 differentially regulates the number of inhibitory synapses on the soma or apical dendrites. To quantify inhibitory synapses we co-injected AAVs encoding mCherry-IRESCre and Cre-dependent GFP-gephyrin fusion protein into the CA1 region of the hippocampus in wild-type and Npas4 f/f mice. GFPgephyrin fusion proteins when expressed at low levels localize to inhibitory synapses without significantly altering neurotransmission 12, 13 . Cre was sparsely expressed and GFP-gephyrin puncta quantified on NPAS4-WT and NPAS4-KO neurons. This analysis revealed that when mice were kept in standard housing, NPAS4-WT and NPAS4-KO hippocampal pyramidal neurons have equivalent densities of GFPgephyrin puncta on the soma and apical dendrites. However, after 
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exposure to an enriched environment, NPAS4-KO pyramidal neurons have significantly fewer somatic and more dendritic GFP-gephyrin puncta than NPAS4-WT neurons ( Fig. 3f-h ) consistent with the electrophysiology data described above. Strikingly, comparison of the number of GFP-gephyrin puncta measured on wild-type neurons revealed that exposure to an enriched environment leads to an increase in the number of somatic and a decrease in the number of dendritic inhibitory synapses. In both domains of the neuron, the behaviourally triggered changes in inhibition are NPAS4 dependent.
NPAS4 is a transcription factor and thus to understand how it mediates sensory-dependent changes in inhibitory synapse number we sought to identify NPAS4 target genes and assess their function. We focused our attention on putative NPAS4 targets that satisfy three criteria: (1) by deep sequencing NPAS4-bound DNA (ChIP-seq), NPAS4 is shown to be bound within 10 kilobases of the putative target gene; (2) by RNA-seq, the mRNA transcribed near the NPAS4 peak is induced greater than fivefold (Extended Data Table 1) 14 ; (3) upon short hairpin RNA (shRNA)-mediated knockdown of the putative target gene there is a significant change in mIPSC frequency or amplitude. Through this screen we identified 16 putative NPAS4 targets that display a change in mIPSC frequency or amplitude upon knockdown with gene-specific shRNAs in organotypic hippocampal slices, five of which we further validated (Extended Data .
Of the putative NPAS4 target genes identified by the screen, Bdnf seemed a possible candidate to control the number of inhibitory synapses that form on a specific region of an excitatory neuron in response to sensory stimulation. BDNF expression is regulated by neuronal activity in vivo [15] [16] [17] [18] and it regulates inhibitory synapse number and function [19] [20] [21] . In addition, Bdnf mRNAs can be targeted to discrete regions of the neuron 22 , and BDNF-containing vesicles are known to be secreted from the axon, soma or dendrites of pyramidal neurons 23, 24 . Furthermore, we confirmed by ChIP and quantitative PCR with reverse transcription (qRT-PCR) that NPAS4 binds to three sites within the Bdnf gene (Fig. 4a, b) , and that induction of the transcription of multiple Bdnf isoforms is significantly reduced in the hippocampus of Npas4 knockout (Npas4
) compared to wild-type (C57BL/6J) mice (Fig. 4c) . To determine if BDNF is a target of NPAS4 that selectively regulates somatic and/or dendritic inhibition of pyramidal neurons in vivo, we injected AAV-Cre-GFP into BDNF conditional knockout mice (Bdnf f/f ) mice and compared eIPSCs between neighbouring Bdnf knockout and Bdnf wild-type neurons (BDNF-KO and BDNF-WT, respectively) in response to stimulation of axons in the somatic or dendritic layers. In mice housed under standard conditions, we found no differences in eIPSC amplitude measured from neighbouring BDNF-KO and BDNF-WT neurons upon stimulation of axons in any of the layers of the hippocampus (Fig. 4d-f, Supplementary Table 2 ).
However, when we exposed mice to an enriched environment to induce NPAS4 as well as BDNF expression and secretion, stimulation of axons in the pyramidal layer results in a significantly smaller amplitude eIPSC in BDNF-KO neurons relative to neighbouring BDNF-WT neurons (Fig. 4h) . The disruption of Bdnf function did not have a significant effect on eIPSC amplitude when axons in radiatum or oriens were stimulated (Fig. 4g, i) . Similar results were observed when BDNF expression was induced with kainic acid (Extended Data Fig. 9 ). Taken together these findings indicate that the differential effects of NPAS4 on pyramidal neuron inhibition are mediated, at least in part, through the induction of BDNF that functions selectively and locally to promote inhibition at the soma. Given that the disruption of BDNF function does not affect eIPSCs in radiatum, the ability of NPAS4 to relieve inhibition on the apical dendrites of CA1 pyramidal neurons is probably mediated by NPAS4 targets other than BDNF.
These findings indicate that when a mouse engages with its environment, the neuronal activity-regulated transcription factor NPAS4 is expressed in pyramidal neurons of the hippocampus where it promotes an increase in the number of inhibitory synapses on the cell soma and a decrease in the number of inhibitory synapses on the apical 
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dendrites. In light of recent reports indicating that inhibition within these cellular domains can have distinct functions [25] [26] [27] [28] , we speculate that this redistribution of inhibition will have significant effects on information processing in the postsynaptic neuron. For example, the opposing regulation of somatic and apical dendritic inhibition may allow integration or plasticity of excitatory events in the apical dendrites while still limiting the generation of somatic action potentials and thus the propagation of information to downstream neurons. This is in contrast to homeostatic scaling of inhibitory synapses-a process whereby the 
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action potential output of a neuron is regulated by cell-wide scaling of synaptic strengths that preserves the relative strengths among synapses. The NPAS4-dependent redistribution of inhibitory circuitry may underlie recent findings that associate NPAS4 function with contextual or stimulus dependent fear conditioning 29, 30 .
METHODS SUMMARY
Animals were handled according to protocols approved by the Harvard University Standing Committee on Animal Care and the University of California San Diego Institutional Animal Care and Use Committee, and were in accordance with federal guidelines. Full details of experimental procedures for animal handling, virus injections, acute and organotypic slice preparation, electrophysiology, immunostaining, Sholl analysis, synapse labelling and quantification, ChIP, qRT-PCR and western blots are provided in the Methods.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. For experiments in which mice were exposed to an enriched environment, three days after virus injection (P16-P18) animals (dam and pups) were moved to a larger cage that contained a running wheel, hut, tunnel and several other novel objects. To maximize novelty, the objects in the environment were rearranged and new objects introduced every second day. Mice were housed in the enriched environment for 4-10 days. Although we detect a limited number of NPAS4 positive excitatory neurons at a given time point, exploration of a novel environment increases NPAS4 immunoreactivity to an extent similar to that observed for other activity inducible genes such as Fos and Arc. Moreover, behaviourally triggered NPAS4 induction appears to occur iteratively, and in distinct subpopulations of neurons as the animal engages and explores novel features of the environment, such that the number of NPAS4 immunopositive neurons detected at any given time point significantly underestimates the number of neurons that express NPAS4 over a period of several days.
METHODS
For experiments in which seizures were induced, kainic acid (2.5-10 mg per kg) was injected intraperitoneally. Mice were euthanized 2 h after the first visible seizure for ChIP, at 3 hours for immunohistochemistry, at 6 h for qRT-PCR or 24 h later for electrophysiology experiments. These time points were selected to allow sufficient time for expression of NPAS4 protein, the execution of an NPAS4-dependent program of gene expression and potential synaptic regulation but before detectable seizure-related cell death. Sterotaxically guided surgery. All surgeries were performed according to protocols approved by the Harvard University Standing Committee on Animal Care and the University of California San Diego Institutional Animal Care and Use Committee, and were in accordance with federal guidelines. Surgeries were performed on mice between P13 and P15. Animals were deeply anaesthetized by inhalation of isoflurane (initially 3-5% in O 2 , maintained with 1-2%) and secured in the stereotaxic apparatus (Kopf). Animal temperature was maintained at 37 uC. The fur was shaved and scalp cleaned with betadine and 100% ethanol three times before an incision was made to expose the skull. A small hole was drilled through the skull and the CA1 region of hippocampus was specifically targeted (medial/ lateral: 6 2.9 mm; anterior/posterior: 22.5 mm; dorsal/ventral: 2.8 mm below the dura) and virus was injected (250-300 nl; 150 nl min 21 ). Five minutes post-injection, the needle was retracted, the scalp sutured and the mouse returned to its home cage. All animals were monitored for at least one hour post-surgery and at 12-h intervals for the next 5 days. Post-operatively, analgesic (flunixin, 2.5 mg per kg) was administered at 12-h intervals for 72 h. Virus production. AAV-Cre-GFP was produced by the Harvard Gene Therapy Initiative or UNC Vector Core with a plasmid provided by M. During (Ohio State University). The plasmids containing the genome for AAV-EF1a-YFP-2A-Cre, AAV-mCherry-IRES-Cre and AAV-FLEX-GFP-gephyrin were generated using standard molecular cloning techniques and were produced by the UNC Vector Core. Acute slice preparation. Transverse hippocampal slices were prepared from Npas4
f/f or C57BL/6 mice (P21-P28). Animals were anaesthetized by inhalation of isoflurane. The cerebral hemispheres were quickly removed and placed into ice-cold choline-based artificial cerebrospinal fluid (choline-ACSF) consisting of (in mM): 110 choline-Cl, 25 NaHCO 3 , 1.25 Na 2 HPO 4 , 2.5 KCl, 7 MgCl, 25 glucose, 0.5 CaCl 2 , 11.6 ascorbic acid, 3.1 pyruvic acid and equilibrated with 95% O 2 /5% CO 2 . Tissue was blocked and transferred to a slicing chamber containing choline-ACSF. Slices (300 mm) were cut with a LeicaVT1000 s vibratome (Leica Instruments) and transferred to a holding chamber containing ACSF consisting of (in mM): 127 NaCl, 25 NaHCO 3 , 1.25 Na 2 HPO 4 , 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 25 glucose, and saturated with 95% O 2 /5% CO 2 . Slices were incubated at 30 uC for 30-40 min and then kept at room temperature for no more than 6 h until recordings were performed. For mice injected with AAV-Cre-GFP, slices showing infection of between 20% to 40% in CA1, as determined by GFP fluorescence, were used for recording. Slices showing greater than ,40% infected neurons or infection outside of CA1 were discarded. Organotypic slice preparation and transfection. Hippocampi were rapidly dissected from wild-type mice at P7 in ice cold dissection media consisting of (in mM): 400-mm thick sections cut. Sections were transferred to tissue culture plates and grown on PTFE inserts (Milicell Organotypic insert, EMD Millipore) in slice culture media consisting of (in mM or percentage) 13 MEM, 20% horse serum, 1 L-glutamine, 0.125% ascorbic acid, 1 CaCl 2 , 2 MgCl 2 , 12.8 glucose, 5.25 NaHCO 3 , 30 HEPES, pH 7.4, 320 mOsm) for 7-10 days. On the second day in vitro, cultures were biolistically (Gene Gun, Biorad) co-transfected with 1-mm gold particles coated with GFP and shRNAs targeting the gene of interest (particles prepared with GFP 15 mg, 3-9 mg of shRNA, pcDNA3 to a final DNA mass of 50 mg as per the manufacturer's instructions). The shRNA sequences are indexed in Supplementary Table 4 . Electrophysiology. Whole-cell voltage clamp recordings were obtained from CA1 pyramidal neurons visualized with infrared, differential interference contrast microscopy. Neurons were held at 270 mV except for experiments measuring evoked responses from stimulation of axons in stratum lacunosum, during which neurons were held at 0 mV. Patch pipettes (open pipette resistance 2-4 MV) were filled with an internal solution consisting of (in mM) 147 CsCl, 5 Na 2 -phosphocreatine, 10 HEPES, 2 MgATP, 0.3 Na 2 GTP and 2 EGTA. Osmolarity and pH were adjusted to 300 mOsm and 7.3 with double distilled water and CsOH, respectively. In experiments in which mIPSCs were recorded, currents were pharmacologically isolated with bath application of 0.5 mM tetrodotoxin citrate (Tocris Bioscience), 10 mM (R)-CPP (Tocris Bioscience) and 10 mM NBQX disodium salt (Tocris Bioscience). In experiments in which eIPSCs were recorded, inhibitory currents were pharmacologically isolated with bath application of CPP and NBQX. Additionally, 5 mM QX-314 (Sigma) was added to the internal solution. Extracellular stimulation of local axons within specific lamina of the hippocampus was delivered by current injection through a theta glass stimulating electrode that was placed in the centre of the relevant layer (along the somato-dendritic axis of the CA1 neuron) and within 100-200-mm laterally of the patched pair. The stimulus strength was the minimum required to generate an eIPSC in both NPAS4-KO and NPAS4-WT neurons. Data acquisition and analysis. Electrophysiology data were acquired using pClamp software, either a Multiclamp 700B or Axoclamp 200B amplifier, and digitized with a DigiData 1440 data acquisition board (Axon Instruments). Data were sampled at 10 kHz and filtered at 4 or 6 kHz except for experiments with stimulation of axons in lacunosum which were filtered at 1 kHz. Off-line data analysis was performed using custom software written in Igor Pro by B.L.B. (Wavemetrics).
Experiments were discarded if the holding current was greater than 2500 pA or if the series resistance was greater than 25 MV. In experiments in which direct comparisons were made between two neurons, recordings were discarded if the series resistance differed by more than 25% between the two recordings. All recordings were performed at room temperature (,20-22 uC).
Threshold for mIPSC detection was determined independently for each neuron and was based on the average root mean square (r.m.s.) of the first 150 ms of the recording. Amplitude threshold was set to 1.5 times r.m.s. for that cell and recordings were discarded if the r.m.s. was greater than 6 pA. This strategy resulted in fewer missed events and fewer erroneously called events than applying a single amplitude threshold.
The amplitude of eIPSCs was calculated by averaging the amplitude 0.5 ms before to 2 ms after the peak of the current. Data are shown as positive values for clarity. Slopes of the rise times of the eIPSCs were measured by normalizing the eIPSC, then measuring the slope between 10-90% of the peak. Paired pulse ratios (PPR) were calculated by recording a template eIPSC for each cell, subtracting the template wave from the first pulse, and then measuring the corrected amplitude of the second peak. Immunohistochemistry, Sholl analysis and GFP-gephyrin quantification. Animals were anaesthetized by inhalation of isoflurane. Hippocampi were rapidly dissected in ice-cold dissection media as described above and drop fixed in 4% paraformaldehyde in PBS at 4 uC for 1.5-3 h followed by overnight incubation in 30% sucrose in PBS. Cryoprotected tissue was stored in Tissue-Tec O.C.T. at 280 uC and subsequently sectioned at a thickness of 40-45-mm (Leica CM1950 cryostat) for immunostaining or GFP-gephyrin puncta quantification, or at a thickness of 100-mm for Sholl analysis (Leica Instruments).
For NPAS4 immunostaining, hippocampal sections were blocked in 2% goat serum and 0.2% Triton X-100 in PBS for 1 h at room temperature. Sections were incubated in primary antibody overnight at 4 uC, washed three times in PBS, incubated in species-matched fluorescently conjugated secondary for 1 h at room temperature and washed again in PBS. Finally, sections were mounted on slides with Fluoromount-G (SouthernBiotech). The following antibodies were used: rabbit anti-NPAS4 (1:1,000, made in house), mouse anti-NeuN (1:1,000, Millipore) and rabbit anti-GFP (1:500, Invitrogen). The secondary antibodies were Alexa-488 or Alexa-555 against the appropriate species (1:500, Invitrogen). Sections were imaged on a Zeiss LSM5 Pascal confocal microscope with a 320 objective. In cases in which the tissue was too large, multiple images were taken and stitched together RESEARCH LETTER post-hoc in Adobe Photoshop. Images for DAPI and NeuN quantification were obtained on an Olympus BX61VS microscope with a 320 objective and subsequently process and exported into JPEG format with the manufacturer's software. When necessary, nuclei were labelled by adding Hoechst 33582 dye (Invitrogen) to the final PBS (1:5,000). Nuclei positive for the relevant marker were counted and quantified using ImageJ. In Npas4 f/f mice that have been sparsely infected with AAV-Cre-GFP and then administered kainic acid, we see dendritic NPAS4 immunoreactivity in the NPAS4-WT but not in the NPAS4-KO neurons. This indicates to us that the low levels of dendritic staining we observe with our NPAS4 antibody is unlikely due to cross-reactivity with another protein.
The neurons used for Sholl analysis were from animals injected with the AAVEF1a-YFP-2A-Cre. Tissue was fixed as described above. To maximize signal, GFP signal was amplified by staining with rabbit anti-GFP antibodies (1:1,000, Invitrogen). The secondary antibody was anti-rabbit Alexa-488 (1:500, Invitrogen). Neurons selected for analysis if there were few or no other infected neurons nearby to facilitate reconstruction of dendritic morphology. After imaging, the neurons were traced and skeletonized using the NeuronJ plugin for ImageJ and Sholl intersections were subsequently quantified and significance determined by ANOVA.
The neurons used for GFP-gephyrin puncta quantification were from animals injected with AAV-mCherry-IRES-Cre and AAV-FLEX-GFP-gephyrin. GFP was not amplified by immunostaining. Images were acquired on a Leica SP5 confocal with resonant scanner through a 363 oil immersion objective. Fluorophores were excited using Argon 488 and HeNe 594 lasers and emitted photons detected through GFP or Alexa 594 filter cubes with Leica hybrid detectors (HyD3). Images were acquired at 16 bit resolution, 1024 3 1024 pixels and each frame the average of 8 scans. Images were analysed with ImageJ. Maximum intensity projections were made of each channel. A Yen threshold was applied to the green channel and puncta identified using the particle counter. Our reported puncta densities are lower than expected by electron microscopy. This is probably due to detection limitations of our microscope, incomplete or faint labelling of synapses by GFPgephyrin, and the thickness of our sections. Chromatin immunoprecipitation. Hippocampi from wild-type mice maintained in standard housing or injected with kainic acid (2.5-10 mg per kg, 2-3 h prior) were rapidly dissected in ice-cold dissection media (as above). The tissue was homogenized and DNA and protein were cross linked for 11 min (in mM: 10 HEPES-NaOH pH 7.5, 100 NaCl., 1 EDTA. 1 EGTA, 1% formaldehyde, in PBS). Formaldehyde was quenched with 2 M glycine in PBS and the sample incubated on a rocker at room temperature for 5 min. Tissue was pelleted (2,000 r.m.p., 5 min, 4 uC), washed with PBS plus PMSF, and re-pelleted (2,000 r.p.m., 5 min, 4 uC). The supernatant was removed and the pellet resuspended in 5 ml L1 buffer (in mM: 50 HEPES-NaOH 7.5, 140 NaCl, 1 EDTA, 1 EGTA, 0.25% Triton X-100, 0.5% NP40, 10% glycerol, 1M BGP, 0.2M NaVO 4 , 0.5M NaF, 13 complete protease inhibitor cocktail without EDTA (Roche)). The sample was the further homogenized by ten strokes with a tight pestle in a Dounce homogenizer, pelleted (2,000 r.p.m., 5 min, 4 uC), washed in L1, pelleted and then resuspended in buffer L2 (in mM: 10 TrisHCl pH 8.0, 100 NaCl, 1M BGP, 0.2 M NaVO 4 , 0.5 M NaF, 13 complete protease inhibitor cocktail without EDTA (Roche)). Samples were placed on a rotator at room temperature for 10 min, pelleted and resuspended in L3 buffer (in mM 10 Tris-HCl pH 8.0, 1 EDTA, 1 EGTA, 1M BGP, 0.2M NaVO 4 , 0.5M NaF, 13 complete protease inhibitor cocktail without EDTA (Roche)) to a final concentration of 10 million nuclei per ml. Twenty million nuclei were sonicated using a Misonix 3000 for a total time of 7 min, power 7.5 and at 4 uC. NPAS4 immunoprecipitation was done using protein G Dyna Beads (Life Technologies) according to the manufacturer's instructions using 4 mg of NPAS4 antibody 10 . NPAS4-bound DNA was quantified using qPCR. A list of putative NPAS4 target genes was determined by analysing ChIP and RNA-seq data published under Gene Expression Omnibus accession number GSE21161. qRT-PCR. qRT-PCR was on cDNA samples made from RNA icollected from wild-type of NPAS4-KO hippocampi from mice that been housed in standard conditions or injected with kainic acid. qRT-PCR was carried out with SYBR green (Life Technologies) and primers with the following sequences for NPAS4 ChIP samples probed at the Bdnf locus: us 59-TGGTGAAAACACTTGGGCATA-39; 59-TGATGAGCTGGGAACTCTGC-39; P1 59-GTCCGCTGGAGACCCTTAG T-39, 59-CTGAGCCAGTTACGTGACCA-39; I3 59-CTTCCCAGATGGTGCT GT-39, 59-AATCTCCCAGTTCTGCGTTC-39; P4 59-CCCTGGAACGGAATTC TTCT-39, 59-TGCACGAATTACCAGAATCA-39; Neg1 59-CATTCAGCACCT TGGACAGA-39, 59-GCTTGACAGCGAGGAAAAGA-39; Neg2 59-GGCCTG AAGTTCAAGGATGG-39,59-GCCTGCCACTGAAGCTTGTA-39.
In cDNA samples probed for various Bdnf isoforms, Npas4, PCSK1, Adcyap1 and Penk1, the primers used were: Bdnf exon1 59-CACTGAGCAAAGCCGAAC TTCTC-39, 59-TCACCTGGTGGAACATTGTGGC-39; Bdnf exon 2 59-AGCG GTGTAGGCTGGAATAGACTC-39, 59-GGTGGAACTTCTTTGCGGCTTAC-39; Bdnf exon 3 59-TACCCCTTTCTATCATCCCTCCCCG-39, 59-GAAGCATCCG GCCCGACAGTTCCAC-39; Bdnf exon 4 59-CGCCATGCAATTTCCACTATC AATAATTTAAC-39, 59-CGCCTTCATGCAACCGAAGTATG-39; Bdnf exon 5 59-CCATAACCCCGCACACTCTGTGTAG-39, 59-CTTCCCGCACCTTCACA GTTCCAC-39; Bdnf exon 6 59-GATCCGAGAGCTTTGTGTGGAC-39, 59-GCC TTCATGCAACCGAAGTATG-39; Bdnf exon 7 59-GGTCCAAGGTCAACGTT TA-39, 59-TAAACGTTGACCTTGGACC-39, Bdnf exon8 59-GAACAAACTGA TTGCTGAA-39, 59-TTCAGCAATCAGTTTGTTC-39; Bdnf exon9/coding exon 59-GATGCCGCAAACATGTCTATGA-39, 59-TAATACTGTCACACACGCTC AGCTC-39; Npas4: 59-AGGGTTTGCTGATGAGTTGC-39, 59-CCCCTCCACT TCCATCTTC-39; PCSK1: 59-TGGAGTTGCATATAATTCCAAAGTT-39, 59-AG CCTCAATGGCATCAGTTAC-39; Adcyap1 59-GAGAATCTGGGGGCAAGTC T-39, 59-CACCAGCACCTGATCTGTCA-39; Penk 59-CCCAGGCGACATCAA TTT-39, 59-TCTCCCAGATTTTGAAAGAAGG-39. Western blot analysis. Myc-tagged cDNA encoding NPAS4, BDNF, Pcsk1, Adcyap1 or PENK1 was transfected into 293T cells using Lipofectamine. Twenty-four hours later cells were lysed in 23 Laemmli buffer and boiled for 5 min. Lysates were resolved by SDS-PAGE and immunoblotted with antibodies targeting Myc (1:1,000, Abcam) or actin (1:2,500, Abcam). Statistics. All data are shown as the mean 6 s.e.m. unless otherwise noted. Data for which a specific P value is not indicated are not significant (P . 0.05).
For electrophysiology experiments, significance was determined by paired twotailed t-test for direct comparisons of neighbouring neurons, two-tailed t-test for comparisons between populations, one-way ANOVA (Dunnett's test) for PPRs, and Wilcoxon for mIPSCs in the screen of putative NPAS4 target genes. All data sets were acquired from at least 3 animals, 2 slices from each animal.
For imaging experiments, significance was determined by ANOVA or twotailed t-test. All data sets were acquired from at least 3 animals, 3-5 images per animal.
For qRT-PCR experiments, significance was determined by two tailed t-test.
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